I. INTRODUCTION
Conjugated polymer light-emitting diode ͑PLED͒ has been of great research interest since 1990 ͑Ref. 1͒ due to its easy processing and mechanical flexibility. PLED comprises a thin layer or multilayer of intrinsic semiconducting luminescent conjugated polymer sandwiched between two electrodes. The band gap of organic semiconductor is large ͑Ͼ2 eV͒, so most charge carriers are due to injection from the electrodes. Hence, the type of electrode determines whether the device is electron-only or hole-only or bipolar. In bipolar devices carriers can move across the device and recombine to emit light. One of the most unique properties of a conjugated polymer is that the hole mobility is much higher than the electron mobility. 2, 3 In fact, this mobility imbalance is expected to be the main limit for the PLED quantum efficiency. Interestingly, the imbalance measured by the time-of-flight experiment in thick devices 2 is generally much stronger than the imbalance observed by space-chargelimited current in thinner devices. 4 Because the space-charge density is inversely proportional to the square of the film thickness for fixed voltage, the apparent dependence of the imbalance on the film thickness can be attributed to the dependence of the effective electron mobility on the electron density. Such dependence suggests the presence of electron traps, which are more easily filled up in thinner devices. In our view, there are two reasons causing the higher hole mobility, both related to the electron traps. The first is that the background p-doping compensates for the hole traps caused by the structural defects; the second is that oxidation contributes to electron traps, but not to hole traps. 5 In addition to reducing the electron mobility, the electron traps may confine the electroluminescence ͑EL͒ near the cathode. Metallic electrodes are efficient quenching sites for electroluminescence, so this confinement is expected to strongly reduce the performance of the device. The imbalanced carrier mobility manifests not only in the absolute value, but also in its dependence on the electric field. 3, 4 The field dependence of electron mobility exceeds that of hole mobility, and we believe that this phenomenon can also be explained by the existence of electron traps. Device models have been proposed for PLED in steady state 6, 7 and transient. 8, 9 Traps have also been included in some simple device model. 10, 11 However, so far, very little is known for the effect of electron traps on the microscopic properties of PLED.
In this paper we present a comprehensive theoretical investigation on the effects of electron traps in polymer devices. The mobilities for free electrons and holes are assumed to be equal. 5 We employ a device model which includes explicitly the traps in the continuity equation and Poisson's equation. In the electron-only devices, higher electron trap density is shown to cause stronger field dependence of the electron current. The traps are shown not only to affect the electron transport, but also to increase dramatically the transient time required for the device to reach the steady state. For hole-only devices without traps the time scale is microsecond, 8 but in electron-only or bipolar devices the time scale can be in millisecond. For bipolar devices, the influences of traps on the recombination rate, the device efficiency, and the carrier transport are considered. It is surprising that the traps enhance the hole current due to the accumulation of a large amount of the negative space charges inside the device. As the trap density increases beyond a certain limit, the quantum efficiency drops sharply due to carrier imbalance. Interestingly, if the hole traps are added to the model to balance the electron and hole injection, the efficiency is recovered. This paper is organized as follows: Section II discusses the device model with traps. Results and discussions for electron-only, bipolar, and bilayer devices are presented in Sec. III, and Sec. IV draws the conclusions.
II. DEVICE MODEL WITH TRAPS
In this work we assume the exponential energy distribution of traps. 10, [12] [13] [14] The trap density of states has the form a͒ Author to whom correspondence should be addressed; electronic mail: meng@faculty.nctu.edu.tw
where N t ͑x͒ is the trap density in position x, kT t is the characteristic energy of traps, which is the depth of traps from the conduction band edge c . The free electrons are assumed to be in thermal equilibrium with trapped electrons. 15 Using Eq. ͑1͒ and approximating the Fermi-Dirac distribution as a step function, 15 a relationship between the trapped ͑n t ͒ and free ͑n f ͒ electron density can be obtained, which is
where n 0 is the effective density of states for free electrons. Equation ͑2͒ is used in the continuity equation.
A. Single-layer device
In a single-layer device model, the device comprises of a thin-film layer of organic semiconductor sandwiched between two electrodes. The transport of electrons and holes are described by time-dependent continuity equations with drift-diffusion current, coupled with Poisson's equation. That is
where n to = n f + n t , ͑6͒
and
ͪ.
͑8͒
Here, n to is the total electron density, including free ͑n f ͒ and trapped ͑n t ͒ electrons. p is the hole density, J n ͑J p ͒ is the electron ͑hole͒ current density, and G and R are the generation and recombination rate, respectively; x is the position normal to the film, and the cathode is at x =0; t is the time, e is the absolute electron charge, and is the free-carrier mobility. Note that is the same for electrons and holes. E is the electric field, k is Boltzmann's constant, T is the temperature, and ⑀ = ⑀ 0 ⑀ r is the permittivity of the material. The diffusion coefficient is expressed in terms of the carrier mobility using Einstein's relation. Because of the large band gap of these semiconductors, the generation rate G is too small to produce enough carriers compared with injected carriers. 6, 7 Therefore, G is neglected in our model. The recombination rate R is bimolecular, which takes the form 16 ,17
where r is Langevin recombination coefficient given by 6, 7, 10 r = e ⑀ . ͑10͒
Substituting Eq. ͑2͒ into ͑3͒
where
These equations are integrated together with the equation for the electric field 6, 7 ‫ץ‬E͑x,t͒
where V L is the voltage at the anode, V = 0 at the cathode, and L is the thickness of device. Equation ͑14͒ is obtained by the time derivative of Poisson's equation. Equations ͑11͒-͑14͒ are spatially discretized using the Scharfetter-Gummel method, 18 and the first-order differential equations are integrated forward in time. The common Poole-Frenkel form of the field dependence of the hopping mobility for the free carrier is used, [19] [20] [21] i.e.,
A nondegenerate case is assumed when the device is in thermal equilibrium, and the carrier densities of holes and electrons are given by
where c is the chemical potential of the device in thermal equilibrium and is the potential the value of which at the left contact ͑cathode͒ is zero. Now we discuss the boundary condition at the contacts. The thermionic emission and backflow current add up to the total current in contacts. The tunneling current is neglected because it is much smaller. 10 The anode is at the right-hand side of the device ͑x = L͒ and the cathode is at the opposite ͑x =0͒. The thermionic emission is given by
where A is Richardson's constant and b is the energy barrier for injection from the metal to the semiconductor. The image force lowers b in the form
where b0 is the energy barrier when the electric field is zero. The backflow current is assumed to be proportional to the carrier density near the contact. For example, the hole backflow current at the right contact is
In thermal equilibrium, the thermionic and backflow current must cancel each other, and using the hole carrier density the coefficient is
Therefore, the total hole current density at the anode is given by
The other three currents, J n ͑0͒, J n ͑L͒, and J p ͑0͒, at the boundaries have analogous forms. When electrons ͑holes͒ move across the device they can recombine with holes ͑electrons͒. Integrating Eq. ͑3͒ or Eq. ͑4͒ in steady state gives the recombination current J r
The quantum efficiency is defined as the number of photon per charged carrier:
J t = J n + J p is the total current density, which is independent of x at steady state. Here we assume that the exciton radiative decay probability is one. Both electron current at the contact for hole injection and the hole current at the contact for electron injection cause the loss of recombination efficiency .
The initial conditions for p, n f , n t , and E in thermal equilibrium are obtained from Eqs. ͑2͒, ͑5͒, ͑16͒, and ͑17͒ and
where the relaxation method is used. The boundary conditions are the chemical potentials of the electrodes. In the time-evolution process a voltage ramp 7 is used for the first term in the right-hand side of Eq. ͑14͒, which starts from zero as the total voltage is applied. Solutions are integrated forward in time, until the total current is constant with respect to position x.
B. Bilayer device
In a bilayer device model, there are two layers of different organic semiconductors. The equations describing the carriers in each layer are the same as that for a single-layer device. The interface is designated at position x 0 with a barrier height h for thermionic emission. In local thermal equilibrium, the hole carrier density in the left-hand side of x o , p͑x 0 − ͒ and that in the right-hand side of x 0 , p͑x 0 + ͒ are related by
where n 01 ͑n 02 ͒ is the density of states in layer 1 ͑2͒, and 1 ͑ 2 ͒ is the valence-band energy in the layer 1 ͑2͒. 22 We also assume that the two layers have the same density of states such that n 01 = n 02 = n 0 .
III. RESULTS AND DISCUSSION
The above model is applied to electron-only, bipolar, and bilayer devices. Results on the current, carrier distribution, device efficiency, and transient time are presented and discussed.
A. Electron-only device with traps
Material parameters suitable for ͓2-methoxy,5-͑2Ј-ethyl-hexyloxy͒-1,4-phenylene vinylene͔ ͑MEH-PPV͒ are used. Ca with a work function of 3.1 eV is assumed to be both the cathode and anode. 7 The conduction and valenceband energies of MEH-PPV are 2.9 and 5.3 eV, and electrons are injected from the electrode to MEH-PPV with a barrier height of 0.2 eV. The dielectric constant ⑀ r is 3, total carrier density of states n 0 is 10 21 cm −3 , 5 T is 300 K, and T t is 1500 K. 10 First, we consider the current-voltage relation with traps. In Fig. 1 , and 3 ϫ 10 18 cm −3 , device thickness L = 100 nm, and 0 =10 −6 cm 2 V −1 s −1 . In order to obtain the inherent effect of traps on the field dependence of electron mobility, we assume = 0 here. For comparison the spacecharge-limited current ͑SCLC͒
is also plotted. At low N t , the current-voltage relation is close to SCLC as expected. As N t increases, electron traps not only reduce the current, but also enhance the field depen- dence of electron current. The electron current approaches SCLC more as the voltage increases. The reduced magnitude and stronger field dependence of the electron current have been described alternatively by a model with an effective electron mobility but no traps. 6, 7 The effective mobility is of the Poole-Frenkel form ͓Eq. ͑15͔͒ with artificially reduced E 0 ͑stronger field dependence͒ and lower zero-field mobility 0 in order to describe the effect of traps. Below such description is named the asymmetry model, because the symmetry between the electron and hole mobility is explicitly broken. In Fig. 2͑d͒ we show that the phenomenological asymmetric model and our more microscopic trap model are able to give the same current-voltage ͑I -V͒ curve. One then wonders whether they give the same electron distribution or not. Figure 2 plots the electron distributions calculated using different models. The free-electron distributions in Fig. 2͑a͒ are obtained from the trap model with N t =10 18 cm −3 . The trapped electron distributions are presented in Fig. 2͑b͒ with various applied voltages. The free-electron distributions calculated without traps in the asymmetric model are shown in Fig. 2͑c͒ . The hole mobility is as before, but the electron mobility 0 =8ϫ 10 −11 cm 2 V −1 s −1 and E 0 = 1.9 ϫ 10 4 V cm −1 are chosen to give the same I -V relation. The free-electron density calculated in the trap model is much smaller than that in the asymmetry model, especially near the cathode. The smaller free-carrier density in the trap model is due to the fact that free electrons are much more mobile than those in the asymmetry model. Therefore, for a given current density much fewer electrons are needed to carry the current. This indicates that although the I -V curve can be fitted very well using the asymmetry model, the carrier density predicted by such a model is incorrect. The free-electron density distribution is important for the exciton formation and quenching in bipolar devices. This suggests that any model without explicit inclusion of traps cannot be applied to the recombination and efficiency of PLED.
Next, we consider the effect of the traps on the transient time. The transient time is the real time that the device takes to converge to the steady state in the time evolution. Figure 3 plots the transient time versus trap density at various voltages. 0 is 10 −6 cm 2 V −1 s −1 , E 0 is 5 ϫ 10 5 V cm −1 , and L is 100 nm. As the trap density N t increases, the electrons need more time to fill up the traps, then go throughout the device. A smaller applied voltage also causes a longer transient time because of fewer electrons to fill up the traps. As the trap density become comparable to the free-electron density, the device slows down significantly. This happens when
where n f0 is free-electron density in the device with zero trap density.
B. Bipolar device with traps
MEH-PPV is taken as the active layer sandwiched between the Ca and Au electrode. Au, on the right-hand side of the device, has a 0.2-eV barrier for hole injection to MEH-PPV, and the thickness of the device L is 100 nm. n 0 , ⑀ r , T, and T t are the same as those in the electron-only device. Figure 4͑a͒ plots the total current density as a function of the trap density N t at 8 V. , and 5 ϫ 10 18 cm −3 . The hole injection at the anode ͑x = 100 nm͒ increases with trap density. creases with N t , contrary to what intuition would suggest. In electron-only devices, some electrons are trapped so that the electron current declines when the trap density N t increases. In bipolar devices, however, the trapped electrons increase the total negative space charge, which enhances the hole injection by Coulomb attraction, as illustrated in Fig. 4͑b͒ . The hole current density J p presented in Fig. 4͑b͒ increases with the trap density, causing a larger total current density.
The PLED efficiency is shown in Fig. 5 as a function of the trap density N t and the applied voltage. When N t increases, the efficiency declines faster at a smaller voltage than that at a higher voltage, suggesting that the imbalance between the electron and hole current in the device with a smaller voltage exceeds that in the device at a higher voltage. This is consistent with Fig. 1 , where IV approaches SCLC with increasing voltage. There are also critical trap densities in Fig. 5 , determined by Eq. ͑27͒ as before. For fixed N t , the efficiency of the device increases with the applied voltage since the traps are more filled up and the electron-hole injection is more balanced, as shown in the inset.
The distribution of the recombination R is important in PLED, since the dominant light-generation zone determines how serious the cathode quenching effect is. Figure 6 plots the recombination distribution through the device. The recombination distribution is symmetrical when N t = 0, and the main recombination zone approaches the cathode as N t increases. Also, the absolute value of recombination itself increases with the trap density near the cathode due to the increased density of holes, attracted toward the cathode by the trapped negative space charge. Clearly, the electron traps detrimentally affect the luminescence efficiency, since most excitons are quenched by the cathode plasma mode. Figure 7 plots the distribution of the recombination rate R with N t =10 18 cm −3 at various voltages. The figure shows that applying a higher voltage pushes the electrons away from the cathode to the anode, smoothing the distribution and reducing the cathode quenching. So at higher voltage, not only is the carrier injection more balanced, as shown in Fig. 5 , but also the cathode quenching is reduced. Both factors contribute to the increasing efficiency with voltage.
The transient time for the bipolar device is shown in Fig.  8 . The device at high voltage needs less time to reach the steady state because the traps are filled rapidly as the picture in the electron-only device. For a lower voltage, the transient time could be as slow as a millisecond. Note that such a long transient time is not possible in the asymmetry model without traps. 8 Because the build-in potential in the bipolar device is larger than that in the electron-only device where electrons move faster, the transient time required for bipolar devices is longer than that for electron-only devices. Electron traps are inevitable as discussed in the Introduction. After showing their adverse effect on the PLED efficiency, one may wonder if such an effect can be cured. One promising idea is to introduce hole traps into the semiconductor. 23 The hole traps are supposed to balance the carrier injection and increase the luminescent efficiency. Figure 9͑a͒ presents the efficiency for a device with an electron trap density of N t =5ϫ 10 18 cm −3 at 4 V. As the hole trap density P t is zero, = 0.35 due to the imbalance. As P t increases, the efficiency is indeed enhanced and doubled from 0.35 to 0.7 when P t =5ϫ 10 18 cm −3 , where the recombination distribution is symmetrical. Increasing the number of hole traps beyond the electron trap density ͑P t =7ϫ 10 18 cm −3 ͒ diminishes the efficiency of the device, since the imbalance of carriers comes back. Hole traps also contribute to the fall in quenching, since the recombination rate is made smoother, as shown in Fig. 9͑b͒. 
C. Bilayer device
One of the most remarkable effects of the traps on the recombination distribution is that the recombination concentrates near the cathode at low voltage and spreads out to the whole device at higher voltage ͑Fig. 7͒. Although such a spread in recombination does not change the emission spectrum for single-layer PLED, it suggests the possibility of continuous color tuning by voltage in PLED with two emissive layers. Below we study a bilayer device with electron traps. In our device a green emissive layer next to the cathode has a conduction-band energy E c of 2.7 eV and a valence-band energy E v of 5.3 eV, with a thickness of 40 nm. The layer next to the anode is the red-emissive MEH-PPV, with a thickness of 60 nm. The device is sandwiched between Ca and Au electrodes, and the electron trap density in each layer is 10 18 cm −3 ; 0 =10 −6 cm 2 V −1 s −1 , E 0 =5 ϫ 10 5 V cm −1 , n 0 =10 21 cm −3 , and T and T t are 300 and 1500 K. Figure 10 schematically depicts the bilayer device. Figure 11 shows the carrier densities of holes, free electrons, and trapped electrons at 5 V in the upper panel and 12 V in the lower panel. The shape of the hole distribution is quite uniform and does not depend on the voltage much. On the other hand, the electron density concentrates in the green layer at 5 V and becomes uniform at 12 V. The recombination rate is shown in Fig. 12 at 5 and 12 V. As expected, the recombination in the red layer relative to the green layer increases significantly with voltage, resulting in a color tuning.
IV. CONCLUSION
Many experiments have demonstrated the imbalance of holes and electrons. We show here that all the observed re- metric free-carrier mobilities. Although the asymmetry model, in which the imbalance is described by artificially breaking the mobility symmetry, can fit the current-voltage curve accurately, the predicted electron density significantly exceeds that calculated in the more microscopic trap model. The model without explicit consideration of traps is therefore inappropriate for discussing the device recombination rate or efficiency. Traps affect not only the current and recombination, but also the transient time required for the device to reach the steady state. A time scale of millisecond arises in bipolar devices with higher trap density. In PLED, traps cause the recombination zone to approach the cathode, seriously affecting the device luminescence and efficiency due to the metal quenching. Addition of hole traps recovers the balance of carrier densities and doubles the efficiency. Our works show that almost all transport and electroluminescence properties of organic devices are determined by the electron traps, and the control of such traps is the key to improve the PLED efficiency.
